ABSTRACT: Fetal growth restriction (FGR) remains a cause of perinatal brain injury, sometimes leading to neurological and intellectual impairment. Although the mechanisms and pathophysiology of CNS injuries have not been elucidated completely, it is possible carbohydrate and energy metabolism may have an important role in the FGR brain. In this study, FGR was induced in rats by administration of synthetic thromboxane A 2 (STA 2 ). Pups were delivered by cesarean section. After killing, samples were obtained from the fetuses of both control and FGR rats for evaluation of carbohydrate and energy metabolism in brain tissue. Lactate and pyruvate levels in brain were reduced significantly in the FGR group. Glucose content in brain tissue tended to be increased in the FGR group. In contrast, glycogen content in brain tissue tended to be lower in the FGR group. However, these differences in glucose and glycogen content did not reach statistical significance. Brain high-energy reserves, including ATP, ADP, AMP, and phosphocreatine (P-Cr), were similar in the control and FGR groups. Gluconeogenesis compensated for chronic fetal hypoxia and decreased glycogen storage. Energy metabolism in the FGR brain is likely to be disrupted as a consequence of lower reserves of energy substrates. (Pediatr Res 70: 21-24, 2011) F etal growth restriction (FGR) is an important cause of perinatal morbidity and mortality. Surviving small-for-GA (SGA) infants have a higher incidence of neurological impairments including mental retardation and educational and/or behavioral problems (1-3). Several authors have reported that perinatal hypoxic ischemic brain damage may contribute to an increased prevalence of motor, cognitive, and affective disabilities in children born with FGR (4 -6). However, the mechanisms underlying these disabilities have not yet been fully elucidated.
F etal growth restriction (FGR)
is an important cause of perinatal morbidity and mortality. Surviving small-for-GA (SGA) infants have a higher incidence of neurological impairments including mental retardation and educational and/or behavioral problems (1) (2) (3) . Several authors have reported that perinatal hypoxic ischemic brain damage may contribute to an increased prevalence of motor, cognitive, and affective disabilities in children born with FGR (4 -6). However, the mechanisms underlying these disabilities have not yet been fully elucidated.
Various prenatal factors may affect fetal growth. Pregnancyinduced hypertension (PIH) is an especially important factor in FGR fetuses. In PIH, increasing umbilical vessel resistance causes limitations in uteroplacental blood flow. As a consequence, the supply of oxygen and nutrition to the fetus may decrease (7) . FGR fetuses are frequently hypoxic and hypoglycemic (8) . During labor, uterine contractions can further compromise placental blood flow and oxygen supply to the FGR fetus, thereby increasing the risk of an intrapartum hypoxic-ischemic event and subsequent brain injury (9) . Several authors have also reported that FGR fetuses are not only at great risk of perinatal hypoxic ischemic events but also may be more susceptible to hypoxic-ischemic brain damage, compared with appropriate-for-GA (AGA) fetuses (9, 10) .
Several studies have investigated the mechanisms of brain injuries in FGR model animals (11) (12) (13) . Manipulations to induce FGR in animal models included surgical ligation of vessels supplying the uteroplacental unit (12) and maternal starvation (11) . However, these models do not necessarily reflect the pathophysiology of FGR. It has been suggested that plasma levels of thromboxane, a potent vasoconstrictor, may exceed prostacycline levels in PIH, whereas in normal gestation, the opposite is true (14 -16) . This prostacyclinethromboxane imbalance may be of primary importance in the pathophysiology of uteroplacental vascular insufficiency and resultant fetal growth retardation. We have developed an FGR model induced by maternal administration of thromboxane A 2 (17) and consider that this model may more closely resemble the pathophysiology of human FGR compared with other models generated by uterine artery ligation (18) or maternal undernutrition (19) . Our FGR model exhibits not only physical growth restriction but also a significant delay in postnatal neurological development (20) . The phenotype of our FGR model is therefore very similar to severe human FGR associated with severe PIH.
In general, FGR infants suffer from hypoglycemia. There is evidence that hypoglycemia affects psychomotor development in SGA infants (21) . Changes in energy metabolism associated with adaptation of the FGR fetus to chronic hypoxia and hypoglycemia in utero may therefore be an important determinant of susceptibility to perinatal hypoxic ischemic brain injury in FGR neonates. Accordingly, it is important to clarify the alterations that occur in carbohydrate and energy metabolism in growth-retarded fetal brains. We hypothesize that the content of substrates in FGR brains is lower than in brains of AGA infants. However, we speculate the energy status in FGR is normal as the majority of FGR infants do not have neurological symptoms. In this study, we examined cerebral carbo-hydrate and energy metabolism and used our model of FGR to clarify the mechanism of brain damage in this condition.
MATERIALS AND METHODS
The protocol for this study was approved by the Ethical Committee of the Center for the Promotion of Medical Research and Education, Nagoya University Graduate School of Medicine.
Preparation of FGR rats. Dated pregnant Sprague-Dawley rats were purchased from Chubu Kagaku Shizai, Nagoya, Japan, and osmotic pumps, Model 2Ml1 from Alza Corporation, Palo Alto, CA. Synthetic thromboxane A 2 (STA 2 ) analog was kindly gifted by Ono Pharmaceutical Company, Osaka, Japan. All reagents and enzymes used in the study were of the highest commercial grade available. The maternal rats were housed individually and fed ad libitum under controlled light cycle (12-h light and 12-h darkness) and temperature conditions. The FGR model rats were produced using our previously reported method (17) . In brief, on the 13th day of pregnancy, an osmotic pump filled with STA 2 was implanted into the peritoneal cavity under general anesthesia with pentobarbital. The mean delivery rate of STA 2 was 20 ng/h. On the 20th day of gestation, the fetuses were delivered by cesarean section under ether anesthesia. The fetuses were stabilized for 1 h after birth and then weighed. To avoid hypothermia, the environmental temperature was regulated using a temperature-controlled bath. After decapitation, blood samples were collected for analysis of blood glucose levels. The whole brains were then removed and weighed, and saved for the experiments.
Six pregnant rats were divided into two groups, with three rats being administrated STA 2 to induce FGR, whereas the remaining three animals had no intervention. None of the maternal rats died during pregnancy, and there was no intrauterine/neonatal death of the pups in the study. We were unable to obtain sufficient quantities of tissue from several pups. The lactate and pyruvate content was measured in whole brains of 10 FGR pups from a litter of 13 and also in 14 control pups from a litter of 14. Glucose and glycogen contents in whole brains were evaluated in 7 FGR rats from a litter of 10 and in 13 controls from a litter of 13, whereas energy status in whole brains was evaluated in 9 FGR rats from 1 litter of 12 and in 9 controls from a litter of 13. The total number of pups in the FGR and control groups were 26 and 36, respectively. A proportion of the experimental animals was used to measure plasma glucose levels (10 FGR rats and 13 controls).
Preparation of brain tissue. For determination of lactate and pyruvate contents, the whole brains were removed and homogenized immediately in 2 mL of 0.6% perchloric acid using a Potter-Elvehjem glass homogenizer to achieve optimal preservation of the labile metabolites. The combined procedures of decapitation, brain removal, and homogenization were carried out within 13-15 s. The homogenate was centrifuged at 28,000 ϫ g for 30 min and the resultant supernatant adjusted to pH 6.0 with 3 N potassium carbonate containing 0.5 M triethanolamine, followed by centrifugation at 28,000 ϫ g for 30 min. The final supernatant was stored at Ϫ80°C until analyzed. To measure glucose and glycogen contents, the homogenate of the whole brain was added to 50 volumes of 0.03 N HCl and then heated for 10 min at 100°C in sealed tubes. The boiled suspension was used in the assays (22) .
Whole brains were homogenized with 10 volumes of ice-cold 6% perchloric acid to evaluate ATP, ADP, AMP, and phosphocreatine (P-Cr) levels. Sampling of the brain tissue was carried out using the same methods as for pyruvate and lactate. After centrifugation of the homogenate at 10,000 ϫ g for 10 min, 0.1 mL of 1 M dibasic potassium phosphate was added to 1 mL of the supernatant. The mixture was then neutralized with 3 N potassium hydroxide and centrifuged at 10,000 ϫ g for 10 min. The supernatant was stored at Ϫ80°C until analysis.
Laboratory measurements. Measurement of glucose and pyruvate contents in whole brains were essentially those described by Lowry and Passonneau (23), whereas lactate and glycogen contents were determined by the method of Vannucci and Duffy (22) .
The fluorometric methods for ATP, ADP, AMP, and P-Cr were essentially those described by Lowry and Passonneau (23) . Determination of adenine nucleotide concentrations allows estimation of the ATP/ADP ratio and adenylate charge ratio, (ATP ϩ 1/2ADP)/(ATP ϩ ADP ϩ AMP). The former approximates energy availability, whereas the latter reflects the equilibrium between high-energy adenine nucleotides mediated by adenylate kinase (24) . Plasma glucose was analyzed by the glucose oxidase method using an Ascensia Breeze2 Blood Glucose Meter (Bayer HealthCare, Japan).
Statistical analysis. The results were expressed as median and range. The Mann-Whitney U test was used to evaluate the statistical significance of differences between the FGR and control groups. A p Ͻ 0.05 was considered statistically significant. Evaluation of carbohydrate metabolism. Carbohydrate substrates and metabolites in the whole brains are shown in Fig. 1 
RESULTS

Evaluation
]. These differences in glucose and glycogen contents in the whole brains were not statistically significant.
Median plasma glucose was significantly lower in FGR rats compared with controls [24. Evaluation of energy status in the brain. The energy state in brain tissue was evaluated by measuring ATP, ADP, AMP, and P-Cr concentrations (Table 1 ). There were no significant Glycogen contents in control (n ϭ 7) and FGR (n ϭ 13) pups. The horizontal bars within the boxes correspond to the median, the upper and lower bars of the boxes to the first and third quartiles, respectively, and the upper and lower whiskers to the 90th and 10th percentiles, respectively. The observations marked by an open circle were considered extreme outliers. *p Ͻ 0.01, **p Ͻ 0.05. differences in cerebral high-energy reserves, as total ATP, ADP, AMP, and P-Cr contents were similar in the two groups. The ATP/ADP and charge ratio in the FGR brains were also similar to those in the controls.
DISCUSSION
In this study, we evaluated carbohydrate substrates and energy status in the brains of rats with FGR induced by STA 2 . Pyruvate and lactate contents in the brain were decreased significantly in FGR rats. Although glucose content tended to be increased in FGR rat brains compared with controls, glycogen content tended to be lower. These differences in glucose and glycogen content in whole brains, however, did not reach statistical significance. There was also no significant difference in cerebral high-energy reserves such as total ATP, ADP, AMP, and P-Cr contents between the two groups. Our results suggest that a normal energy state is maintained in FGR brains even when serum glucose levels are low. However, energy metabolism may be disrupted easily when there is a decreased supply of carbohydrate substrates in the FGR brains. This suggests that FGR brains may be more susceptible to hypoxicischemic events.
In view of the known predisposition for human FGR infants to develop neonatal hypoglycemia, glucose metabolism was the subject of early investigations in FGR models. We measured carbohydrate substrates in the brain, and as expected, showed pyruvate and lactate levels were decreased in FGR rats. Glycogen levels tended to be lower in FGR rats compared with controls, although this difference was not statistically significant. In contrast, glucose content in FGR brains tended to be higher when compared with controls. In general, glucose transportation across the placenta and the blood-brain-barrier is facilitated by carrier-mediated diffusion that is dependent on the concentration gradient. Ogata et al. (25) showed that growth-retarded fetuses had significantly diminished plasma glucose concentrations 10 and 240 min after uterine artery ligation, which recovered to normal ranges by the 21st gestational day. Our results support the hypothesis that fetal glycogen degradation with resultant hyperglycemia ensures an adequate supply of substrates to vital tissues such as the brain, and provides, at least, some measure of fetal tolerance to interruptions in placental oxygen transport (26) .
Brain glycogen is contained predominantly in astrocytes, although its concentration is low compared with that in the liver (27) . When brain blood flow is interrupted completely, theoretically energy may become depleted within a few minutes. However, it is possible that glucose utilization is considerably slower in newborn rats (28) , and therefore glycogen may be an important substrate in fetal and neonatal brains during periods of asphyxia even when the amount of glycogen stored is small. A reduction in umbilical blood flow results in a decrease in fetal glucose and oxygen uptake. Anaerobic glycolysis is then stimulated by hypoxia to maintain optimal cellular energy balance despite oxygen debt. Glycogenolysis with resulting availability of glucose is an obviously important pathway that contributes to glucose homeostasis during the perinatal period. As glycogen storage in fetal brains is minimal (27) , the supply of free glucose via glycogenolysis from glycogen storage tissues such as the liver and kidney plays an important role in the survival of the fetus during times of stress. It has been demonstrated that accumulation of fetal hepatic glycogen is decreased in animal models of FGR (25) , and in our study we also observed that FGR brains had lower glycogen content. Taken together, these experimental data suggest that FGR brains may have a low tolerance to the effects of undernutrition and adaptive glycogenolysis.
The significance of gluconeogenesis in fetal carbohydrate metabolism remains controversial. Townsend et al. (29) showed that gluconeogenic capacity is not expressed in utero under unperturbed circumstances, and that the contribution of gluconeogenesis from lactate, pyruvate, or alanine to glucose was quantitatively negligible. The FGR newborn also has depressed activity of enzymes necessary for gluconeogenesis (30) . However, another report presented evidence that suggested that three carbon substrates, such as lactate, pyruvate, and alanine are likely to be precursors for hepatic glycogen (31) . In experiments on fasted sheep, fetal glucose utilization did not decline to the same degree as the decrease in umbilical uptake, suggesting compensatory glucose production by the fetus (32). Rudolph et al. (33) also showed an increase in net glucose production in fetal sheep livers during acute umbilical cord compression.
The substrates in the FGR brain also remain controversial. Kliegman et al. (11) examined brain substrates in FGR dogs and showed the levels of lactate, pyruvate, and glycogen were higher in brain tissue of FGR dogs than in controls. However, glucose levels were similar in the FGR dogs and controls. Lin et al. (12) also reported high levels of pyruvate and glucose in the brains of FGR rats. By using magnetic resonance spectroscopy, Moxon-Lester et al. (13) demonstrated that lactate levels in the brain of FGR piglets and controls were similar. However, in our study, both lactate and pyruvate levels were reduced significantly in the brains of FGR rats. Uteroplacental blood flow reduction induced by STA 2 may stimulate gluconeogenesis at the expense of lactate and pyruvate to adapt to the chronic reduction in delivery of oxygen and substrates. This priority for endogenous fuel provision to vital tissues leads to impaired fetal growth. The reasons for the different results in the analysis of brain substrates between studies are not clearly understood, although we speculate that differences between species and the methodologies used in the FGR animal models may have influenced the results.
In this study, serum glucose levels were significantly lower in FGR rats compared with controls. We did not evaluate glycogen storage in the liver or plasma insulin levels in this study. However, Ogata et al. (25) measured serum glucose and insulin levels and glycogen content in FGR rats and showed that insulin levels were low, despite glucose levels and glycogen storage both being decreased. Therefore, we speculate that the cause of hypoglycemia in FGR rats may be due to reduced storage of glycogen. Regarding brain energy metabolism, no significant difference was observed in the high-energy reserves, ATP, ADP, AMP, and P-Cr between FGR rats and controls. According to a study by Brown and Vannucci (34) using the Wiggleworth FGR model, the concentrations of various cerebral substrate metabolites including glycogen, glucose, lactate, ATP, and P-Cr were not altered in spite of a significant reduction in brain weight. They ascribed these findings to the absence of hypoxia at the level required to disrupt oxidative metabolism and the energy state of the brain. Kliegman et al. (11) demonstrated using a maternal canine starvation model that cerebral charge in FGR neonates was unaffected, whereas their calculated energy reserve was lower than that of controls. Theoretically, depression of oxygen delivery to respiring tissues increases the ADP to ATP ratio (ADP/ATP). This, in turn, acts to stimulate glycolysis (i.e. the Pasteur effect), with a subsequent increase in anaerobic ATP production. In this study, the charge ratio in FGR rat brains was similar to that in controls. This result demonstrates that the energy state in FGR brains can be compensated by stimulation of glycolysis under chronic hypoxic conditions, but that FGR fetuses do not revert totally to anaerobic metabolism.
In summary, chronic disturbance in uteroplacental blood flow stimulates fetal glucose production mainly by increasing gluconeogenesis to maintain a normal energy state in the brain. Energy metabolism in the FGR brain will be liable to disruption and stressed further because of decreased storage of carbohydrate substrates.
